Fluorescent molecular tomographic (FMT) imaging can noninvasively monitor molecular function in living animals using specific fluorescent probes. However, macroscopic imaging methods such as FMT generally exhibit low anatomical details. To overcome this, we report a quantitative technique to image both structure and function by combining FMT and magnetic resonance (MR) imaging. We show that FMT-MR imaging can produce three-dimensional, multimodal images of living mouse brains allowing for serial monitoring of tumor morphology and protease activity. Combined FMT-MR tumor imaging provides a unique in vivo diagnostic parameter, protease activity concentration (PAC), which reflects histological changes in tumors and is significantly altered by systemic chemotherapy. Alterations in this diagnostic parameter are detectable early after chemotherapy and correlate with subsequent tumor growth, predicting tumor response to chemotherapy. Our results reveal that combined FMT-MR imaging of fluorescent molecular probes could be valuable for brain tumor drug development and other neurological and somatic imaging applications.
INTRODUCTION
Combined functional and anatomical imaging (for example, positron emission tomographycomputed tomography, PET-CT) has significantly improved clinical diagnosis, staging, and patient prognosis for many oncological diseases (Lardinois et al., 2003; Otsuka et al., 2007; Veit-Haibach et al., 2006; Weber et al., 2008) . Another functional modality, near-infrared fluorescence (NIRF) imaging is well suited for visualizing molecular activity since background fluorescence is typically low , simultaneous visualization of multiple targets is possible (Nahrendorf et al., 2007) and specific probes are easily conjugated to fluorescent molecules . To that end, there currently exists a multitude of specific and activatable fluorescent probes for imaging tumors (Kelloff et al., 2005) , cardiovascular diseases (Jaffer et al., 2006) , arthritis (Izmailova et al., 2007) and neurological diseases (Hintersteiner et al., 2005; Nesterov et al., 2005) , among other biological phenomena.
Fluorescent molecular tomographic (FMT) imaging is an imaging technique that utilizes mathematical models describing photon propagation in tissues to allow for 3D reconstruction of fluorescence in living animals at centimeter depth (Ntziachristos et al., 2002a; Ntziachristos et al., 2005; Ntziachristos et al., 2004; Ntziachristos et al., 2002c) . For tomography, multiple points (sources) are illuminated on the mouse tissue surface and diffuse light patterns are collected in transillumination mode using a CCD camera. Each source-detector pair represents a different projection through the tissue and these measurements are then combined in a tomographic scheme utilizing a normalized Born approach (Graves et al., 2005) . Fluorescence measurements are obtained using appropriate filters allowing for multispectral reconstructions. This technique has been validated for a wealth of imaging agents including magnetofluorescent nanoparticles (Montet et al., 2005) , fluorescently conjugated peptides (von Wallbrunn et al., 2007) , fluorescent proteins (Zacharakis et al., 2005) and activatable imaging probes (Ntziachristos et al., 2002c) . Unlike traditional planar fluorescence imaging techniques that suffer from nonlinear depth-dependent photon absorption within the subject , FMT is quantitative and allows for measurements of fluorophore concentration throughout living animals (Graves et al., 2005) .
However, as NIRF and FMT imaging are macroscopic imaging methods, precise anatomical context for the molecular activity information and details of the surrounding non-near infrared fluorescent tissue are often not easy to obtain or visualize. In contrast, magnetic resonance (MR) imaging, while more difficult to harness for molecular applications because of lower probe detection sensitivity and difficulties associated with creating specific and activatable MR agents, is able to provide high resolution three dimensional (3D) structural images. Therefore, the ability to combine these two imaging modalities to achieve detailed structural and functional data sets would be of high value to many biological, preclinical, and in the future, clinical applications such as detailed assessment of tumor physiology and identification of vulnerable foci in neurodegenerative diseases.
In this study, we describe, validate, and apply image processing and registration methods to combine 3D, quantitative, tomographic fluorescence and magnetic resonance (FMT-MR) imaging in longitudinal studies of the mouse brain. Similar to PET-CT imaging, FMT-MR imaging can utilize highly specific molecular probes to study molecular and cellular phenomenon with detailed anatomical correlation. An additional advantage of FMT-MR is that there is no radiation exposure to the subject or the user. We show that this technique can be applied to the imaging of brain tumors, tracking functional and volumetric data over time to monitor tumor growth and response to chemotherapy. Moreover, by obtaining accurate tumor volume with MR and measuring tumor function and response with a fluorescent probe for protease activity, we are able to quantify and track changes over time in living mice, noninvasively detecting histological changes in tumors. We found that the protease activity concentration (PAC) derived from the combined imaging method significantly and rapidly increases following the administration of a clinical chemotherapeutic agent, temozolomide (TMZ). Early changes in PAC correlate well with subsequent tumor growth and thus allowed for predictions of tumor response to chemotherapy. These results provide new methods for detailed structural and functional imaging of living animals. While this method is currently limited to small animal imaging, this study highlights the utility of combined imaging for drug development and preclinical trials.
METHODS

Mouse models
The protocol for animal experiments was approved by the institutional animal care committee. A total of 65 male mice age 8-12 weeks were used for this study.
A. Phantom study (n=20)-Fluorescent phantoms were created by filling small plastic tubes (|1mm in diameter) with a NIRF fluorophore. Fluorescent phantoms were filled with VivoTag 680 (VisEn Medical, Bedford, MA) and magnetofluorescent phantoms were filled with cross-linked iron oxide conjugated to VivoTag 680 (synthesized by the CMIR Chemistry Core). Mice were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) and the surgical site sterilized with betadine/ethanol before surgery. A midline incision was made through the skin overlying the cranium. A small hole was made in the skull using a bone drill and phantoms were inserted stereotactically. Holes in the skull were covered with bone wax and the scalp was sutured (7-0 Ethicon, Sommerville, NJ). Animals were allowed to recover and then returned to their cages.
B. Brain tumor growth study (n=20)-For brain tumor imaging, U87, a human glioma cell line, was obtained from the American Tissue Culture Collection (Manassas, VA, USA). U87 cells were maintained in MEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum. To generate a fluorescent glioma cell line, U87 cells were transfected with a DsRedII plasmid that incorporated a neomycin resistance gene (Clontech, Mountain View, CA, USA). Stably transfected cells were selected with G418, single cells were cloned, and clones expressing the construct in all cells were identified.
For tumor cell implantation, nude mice (Cox-7, Massachusetts General Hospital, Boston, MA, USA), 20-25 g, were anesthetized and prepared as above. Tumor cells were implanted 2 mm posterior and 2 mm lateral to the bregma. 4-6µl of a cell suspension containing 10 6 cells was injected at a depth of 2mm from the skull surface. The injection was done slowly over the course of 10 minutes. The burr hole was filled with bone wax (Ethicon, Sommerville, NJ, USA) and the scalp was closed with sutures.
C. Chemotherapeutic treatment study (n=25)-For chemotherapy treatment, animals were allowed to recover for 1 week after tumor cell injection. TMZ capsules (Temodar; Schering-Plough, Kenilworth, NJ, USA) were opened and the drug contained within was suspended in dimethyl sulfoxide (DMSO) before intraperitoneal injection of a DMSO/temodar solution each day for 5 days. The low dose treatment regimen was 20 mg/kg and the high dose regimen was 100mg/kg.
Imaging
Twenty-four hours before tumor imaging, mice were injected intravenously with 2 nmoles of ProSense680 (VisEn Medical, Bedford, MA, USA). For FMT imaging, animals were anesthetized with ketamine/xylazine and hair covering the area to be imaged was removed. Fluorescence neuroimaging was conducted in a VisEn Medical FMT Fluorescence Molecular Tomography system (Bedford, MA, USA). This system includes two near-infrared laser diodes at 670 nm and 745 nm and matched emission filters at 700 nm and 780 nm respectively. Images were captured using a low-noise TE cooled CCD camera with air assist. This system uses a refractive index matching fluid to surround the animal. We used lanolin to cover the animal's mouth and the nostrils were suspended above the fluid line to allow the animal to breath. To avoid erroneous signals from the air-fluid interface, the area to be imaged was always more than 1cm below the fluid level. We should note that these steps may be skipped with the new generation of FMT scanners that do not need the index matching fluid. Once the mouse was positioned in the imaging chamber, reflectance images were captured in white light and fluorescence. Typical scanning times were 5 minutes per animal. A scan field was selected, encompassing the skull of the mouse, and tomography was carried out. Two sets of scans were acquired for each tomographic imaging session (an excitation scan and a fluorescence scan). Scan field was 15mm × 15mm × 13mm (WxHxD), with a matrix size of 96 × 96 × 26, resulting in voxel dimensions of 0.156mm × 0.156mm × 0.5mm. The data from these scans were analyzed using a normalized Born approach, and 3-dimensional data sets were generated (Graves et al., 2005; Kak and Slaney, 1988) . Briefly, emission images, corrected for filter bleed-through of excitation light were divided by the excitation images. Fluorescence measurements less than ten standard deviations above the noise level of the emission acquisitions were ignored. For tomographic data analysis, volumes of interest (VOIs) were selected by drawing a region of interest in each of the 3 imaging planes (X, Y, Z) utilizing the FMT software, with and without referencing the MRI data.
MR imaging was performed immediately (within a few minutes) after the completion of FMT imaging. Animals were imaged with a 7T Bruker Pharmascan MR scanner (rapid acquisition relaxation-enhanced (RARE) T 2 -weighted sequence: TR=3500 ms, TE=75 ms, twelve repetitions were acquired and averaged, acquisition time 11 minutes and 12 seconds, matrix size 256 × 256, field of view 2.5 × 2.5 cm, slice thickness 0.5 mm, 16 sections acquired; RARE T 2 -weighted 3D sequence: TR=2000 ms, TE=70 ms, one signal acquired, acquisition time 1 hour 8 minutes 16 seconds, matrix size 256 × 128 × 128, field of view 3.0 × 2.5 × 2.0 cm). RARE T 2 -weighted 2D and 3D images and RARE T 1 -weighted (TR=800, TE=13; four repetitions were acquired and averaged, acquisition time of 6 minutes 57 seconds, matrix size 256 × 192, field of view 2.5 × 2.5 cm, slice thickness 0.8 mm, and 18 sections were acquired) images were acquired before and after the bolus intravenous administration of 0.3 mmol/kg GdDTPA (Magnevist; Berlex, NJ, USA) via the tail vein using a 32 gauge needle. Tumor volume was measured by manually outlining regions of gadolinium enhancement on individual images and calculating an area measurement. This area was then multiplied by the slice thickness to estimate a volume. Volumes calculated for image sections spanning the tumor were added to calculated tumor volume.
Fluorescence tomography/MR image fusion
To fuse the FMT and the MR images, we performed co-registration by transforming the 3D FMT data sets in the XY-, XZ-, and YZ-planes. For each plane, we first created projection data in the appropriate plane. We then identified landmarks in the FMT dataset, and on the corresponding white light reflectance image in the case of the XY-plane. Suitable markers included ears, eyes, snout, fluorescent phantoms, and tumor foci. These same landmarks were then also identified on the corresponding MR images. From these landmark data, an angle of rotation and a translation distance from the center of the FMT image were identified to align the landmarks between the two imaging data sets. These rotation and translation parameters were then applied to each of the FMT images. We also performed correction in the XZ-plane by identifying the top of the skull in both the FMT and MRI data sets. On the FMT images, the top of the skull touches the glass plate in the imaging device, and consequently, the top of the skull begins on image plane #2. Therefore, we cropped both datasets so that the top of the skull is the first image in the image stack. After rotation and translation have been performed for these three orthogonal planes, the FMT data were re-projected onto the XY-plane and registration was verified. If necessary, this procedure was repeated until we have achieved coregistration. While we matched the same slice thickness between FMT and MRI images (0.5 mm), the matrix size of FMT is inherently smaller than that of MRI. Therefore, the matrix size of the FMT images was linearly scaled to match the matrix size of MRI images. Pseudocolored single sections and projections were created using the software Metamorph (version 6.3, Downingtown, PA, USA, www.moleculardevices.com/pages/software/metamorph.html). Final image fusion was carried out using the three-point triangulation algorithm in OsiriX (version 2.7.1, Geneva, Switzerland, www.osirix-viewer.com).
Protease activity concentration (PAC) was calculated by dividing the total protease activity by tumor volume (Eq. 1):
Total protease activity was measured by using FMT to image the total amount of ProSense fluorescence in a volume of interest containing the entire mouse brain by referencing the MRI data. Tumor volume was measured by manually outlining tumor margins in individual MR images from brains of gadolinium treated animals. The area of enhancement was multiplied by the slice thickness to estimate a volume. Total tumor volume was then calculated by adding single section tumor volumes for image sections spanning the tumor.
Tumor Histology
Following in vivo imaging, animals were sacrificed for histology. For direct visualization of ProSense 680 and DsRedII expressing tumor cells, animals were intracardially perfused with a solution of 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), the brains removed and then fixed in 4% PFA for 24hrs. Brains were mounted in agarose and sectioned at 50µm using a vibratome (Leica Microsystems, Bannockburn, IL, USA). Brain sections were mounted in Vectashield (Vector Laboratories, Burlingame, CA) underneath a coverslip and imaged with a CCD camera (Retiga SRV, QImaging, Burnaby, BC, Canada) coupled to an upright microscope (Zeiss Axioplan II, Thornwood, NY, USA). For immunohistochemical analyses of the tumors, fresh-frozen brain specimen were prepared over dry ice in isopentane in the embedding media O.C.T. (Sakura Finetek, Torrance, CA, USA). Five µm cryosections of the frozen tissues were examined for the presence of macrophages/microglia (mac-3, BD Biosciences, CA), neutrophils (NIMP-R14, Abcam, Cambridge, MA), apoptosis (TUNEL kit, Chemicon, Temecula, CA), and proliferation (rabbit polyclonal Ki67, Abcam, Cambridge, MA). The avidin-biotin peroxidase method was employed. The reaction was visualized with 3,3'-diaminobenzidine (DAB) method (Sigma Chemical, St. Louis, MO). All sections were counterstained with hematoxylin. Hematoxylin-eosin staining was also performed to study the overall morphology. Images were captured with a digital camera (Nikon DXM 1200-F, Nikon Inc., Melville, NY).
Statistical analysis
Results are expressed as mean±standard deviation. The data sets were tested for normality using the Kolmogorov-Smirnov test with the Dallal-Wilkinson-Lilliefor correction and for equality of variances using the F test. Data were compared using the unpaired 2-tailed t-test. If either the normality or equality of variances was rejected, the nonparametric Mann-Whitney test was used. A p-value <0.05 was considered to indicate a statistically significant difference. Analysis was performed using GraphPad Prism 4.0c (GraphPad Software, Inc., San Diego, CA, USA).
RESULTS
Fluorescence tomography imaging of the murine brain
FMT has been extensively used to image the abdomen, chest and extremities in living mice , but has been used to a lesser extent in neuroimaging. Brain imaging has been difficult, in part, because most first generation FMT systems, like ultrasound systems, use a refractive index matching fluid that surrounds the tissues to be imaged. When imaging targets in the head, this fluid can potentially suffocate the animal unless intubated. We therefore first developed methods to submerge living mice in matching fluid while allowing the animal to remain breathing ( Figure 1a ). To ask whether this submersion technique allowed for fluorescence imaging of the brain, we implanted NIRF phantoms into the brains of living mice and then imaged them with FMT ( Figure 1b Using tomographic fluorescence imaging, fluorescent phantoms were resolvable as unique fluorescent foci (Figure 1d ). The location of the fluorescence signal was comparable to the location of fluorescence that we observed from more traditional planar imaging techniques ( Figure 1c) . Furthermore, the size of the phantom (Figure 1d , dashed black circle), as assessed by post mortem dissection, was reflected by the size of the fluorescent focus on tomographic imaging (Figure 1d ). More importantly, FMT was also able to assess fluorophore concentration and phantom depth (Figure 1d and inset).
Combined fluorescence and magnetic resonance imaging in vivo
To assess the feasibility of combined fluorescence and MR imaging, we implanted magnetofluorescent phantoms (see Figure 1b) into the brains of living mice and then imaged animals with both FMT and MR. Phantoms were visible as hypointense regions on T2-weighted MR images (Figure 2c, colorized red) . When we imaged the same animals with FMT, we detected a single fluorescent focus. Using landmarks visible in both datasets (Figure 2a, b) , we were able to map the fluorescence data onto the region in the MR image known to contain the magnetofluorescent phantom to create a fused data set (Figure 2d -h and Figure S1 ).
We next determined whether combined imaging could be applied to image multiple fluorescent objects in the same brain. When we implanted two magnetofluorescent phantoms, two discrete foci were detected (Figure 2e ). Phantom distance as calculated by FMT correlated with MRI measurements as small as 4mm (Figure 2f ). By implanting three magnetofluorescent phantoms, we were able to test the three dimensional accuracy of combined imaging. Animals with three implanted phantoms showed three discrete regions of fluorescence intensity corresponding to three hypointense regions on MRI. These three points could be triangulated in 3D space to create fully three dimensional fused data sets (Figure 2g, h ).
Combined imaging of brain tumors in vivo
Combined imaging could provide an ideal tool for monitoring biological processes and localizing these processes to discrete regions of the brain over time. To that end, we chose to image protease activity in brain tumors since there are currently existing NIRF probes for protease activity (Blum et al., 2005; Jiang et al., 2004; Weissleder et al., 1999) and tumor proteases are thought to play a role in tumor growth, invasiveness and metastasis (Bindal et al., 1994; Koblinski et al., 2000; Sloane, 1996) . We stereotactically implanted human glioblastoma cells (U87) into the brains of living mice and imaged over time with FMT-MR. After systemic GdDPTA (gadolinium) injection, tumors appeared hyperintense on T 1 -weighted MR images relative to the surrounding brain parenchyma, delineating tumor margins (Trehin et al., 2006) . We also injected animals with ProSense, a chemical probe that exhibits specific NIR fluorescence after cleavage by lysosomal cysteine and serine proteases (Weissleder et al., 1999) .
By FMT-MR imaging of these imaging agents we were able to map protease activity onto brain anatomy (Figure 3a) . Combined imaging revealed that ProSense signal emanated from the region of the brain bearing the tumor (Figure 3a) . Furthermore, by serially imaging animals with ProSense, we were able to quantify changes in protease activity over time (Figure 3a , compare day 7 versus day 13). We observed that tumor protease activity increased rapidly in small tumors (defined as days 7-10 post implantation, Figure 3c , d) and more slowly and in some cases decreased over time in larger tumors (defined as days 10-13 and 13-22, Figure 3c , d). By utilizing the ability of FMT to accurately measure the amount of fluorophore and gadolinium-enhanced MR to accurately measure tumor volume, we were able to calculate the ratio of ProSense fluorescence to tumor volume, thus reporting the protease activity concentration (PAC). We found PAC was relatively constant between one and two weeks post tumor implantation but values were significantly decreased by three weeks after implantation, regardless of tumor size (Figure 3e ).
It is important to note that the parameter mean fluorochrome concentration (MFC) computed from FMT alone is different from PAC in that MFC is generated by placing a volume-ofinterest (VOI) over the fluorescence signal instead of the actual tumor, and minor variability in the size and placement of the VOI could result in substantially different values. On the other hand, PAC is derived from the total fluorescence signal that is found within the brain margins defined by MRI from the image fusion, and computed using the true tumor volume measured on the MR images. As a result, examination of the MFC calculated without referencing MRI data in general underestimated the concentration and was unable to distinguish between the treated and control animals at any time point ( Figure S2 ).
To test the accuracy of FMT-MR tumor imaging we performed histopathological analyses following live animal imaging. Consistent with combined imaging results suggesting ProSense signal originating from the tumor (Figure 3a) , at early time points after tumor cell implantation, when tumors were relatively small, we observed ProSense fluorescence within the confines of the tumor but not outside of the tumor (Figure 3b , black and white arrows respectively). At later time points when the tumor was much larger, ProSense signal was still restricted to the tumor. However, in larger tumors, necrotic, pseudopalisade-resembling regions within the tumor (Brat et al., 2004) lacked ProSense signal ( Figure S3 ) and ProSense labeling was less intense (840+/−160 for small tumors vs. 480+/−230 for large tumors, p=0.0027). These two changes provide a histological explanation for the decreases in PAC detected by combined imaging. The fact that changes in PAC mirrored observable changes in tumor histology suggests the ability of FMT-MR imaging to detect subtle changes in the cellular milieu of brain tumors in vivo.
Combined imaging of chemotherapy in vivo
In preclinical trials and clinical medicine it can often be difficult to know whether a chemotherapy treatment is efficacious. Since combined imaging was able to detect variations in tumor structure and function (see above), we next tested whether it could be applied to detect the effects of chemotherapy on solid tumors. Again, we implanted glioma (U87) cells into the brains of nude mice. One week later, we systemically administered the chemotherapeutic TMZ, once per day for 5 days (a course commonly used in clinical therapy) (Schiff, 2007) . We then monitored the gliomas using FMT-MRI.
We were able to image tumor size, localization and protease activity in vivo throughout the chemotherapeutic course (Figure 4a and b) . It was apparent that TMZ treatment was capable of arresting tumor growth for at least 2 weeks following the onset of treatment (Figure 4e , red diamonds). However, MR imaging was inadequate at detecting early changes by tumor volume. During and immediately after chemotherapy, tumor volume, measured from gadolinium enhanced MRI, was not significantly different between the treated and control groups (p>0.05 for both days 3 and 6 post treatment onset; Figure 4e , compare red and blue diamonds at days 3 and 6). In contrast, FMT appeared to be able to demonstrate differences between control and treatment groups by the third day of the chemotherapeutic course (p=0.016; Figure 4f , compare red and blue diamonds at day 3). However, this difference was lost by the end of the chemotherapeutic course (p>0.05), most likely because the treatment causes complex biological interactions between the host and the tumor. In contradistinction to both MRI and fluorescence imaging alone, results from the combined imaging was capable of unequivocally detecting early chemotherapy induced changes: by the end of treatment, PAC was significantly different than control values (p=0.0068; Figure 4g , compare red and blue diamonds at day 6), and this difference persisted for the rest of the study.
We performed histopathological analyses on control and chemotherapy treated animals to assess if changes in PAC reflected changes in tumor histology. As shown above, in untreated tumors, ProSense was found within the margins of the tumor but was excluded from brain parenchyma not containing tumor cells (Figure 4c , see blue labeling in red region). In contrast, by 6 days after the initiation of chemotherapy, ProSense labeling was present both within the tumor (Figure 4d , white arrow) as well as outside the tumor (Figure 4d , black arrows). ProSense fluorescence within the confines of the tumor was also more intense after chemotherapy (1420 +/−120 for treated tumors vs. 560+/−230 for untreated tumors, p<0.0001; Figure 4c -d, compare blue labeling in each image). Higher magnification images of tumors from animals treated with high dose TMZ showed that fluorescent signal was primarily located in regions of the tumor lacking glioma cells (Figure 5a ).
To identify which host cell types might be associated with chemotherapy-induced increases in ProSense labeling, we performed histopathology analyses to assess the degree of host response (macrophages/microglia and neutrophils), tumor proliferation (Ki67), and apoptosis (Tunel) ( Figure 5 and data not shown). High dose TMZ treatment increased the number of macrophages/microglia in and around the tumor, but did not affect the number of neutrophils, proliferating cells, or apoptotic cells within the tumor margin (Figure 5b , compare high dose to control, and data not shown). Furthermore, a low dose course of TMZ treatment that was insufficient to alter PAC also did not show an increase in macrophage/microglia recruitment compared to controls (Figure 5b , low dose). Direct co-labeling of ProSense and macrophages/ microglia was not possible due to fluorophore quenching following histology preparation. However, since macrophages are known to up-regulate and secrete ProSense-activating proteases upon recruitment to tumors (Vasiljeva et al., 2006) , macrophage/microglia infiltration likely contribute to the increase in PAC seen after high dose TMZ treatment. Thus, these results demonstrate the utility of a FMT-MR combined imaging in the early detection of chemotherapy related changes in vivo.
Combined imaging of protease activity to tumor volume is predictive of subsequent tumor growth
Given the ability for combined imaging to detect histopathological changes early in the course of chemotherapy, we wondered whether it was capable of predicting subsequent tumor growth. We treated mice with a low dose regimen (20 mg/kg) and compared them to a high dose regimen (100mg/kg). Whereas low dose treatment resulted in an approximately two-fold increase (onefold being no increase) in tumor size over the week following chemotherapy (Figure 6a , green bar), high dose treatment was capable of halting tumor growth (1.1-fold increase; Figure 6a , red bar). Tumors treated with either of these doses grew significantly less than untreated tumors (7.2-fold increase, Figure 6a , blue bar).
We next tested whether combined imaging of PAC immediately following TMZ dosing could predict the efficacy of chemotherapy. At the end of the five-day chemotherapy course, PAC was significantly different for low and high dose treatment groups (2730 +/−1020 vs. 10000 +/− 1090 pmol/cm 3 , p=0.0054). Furthermore, when we plotted the change in tumor volume over the week after chemotherapy versus PAC measured at the end of the chemotherapy course (Figure 6b ), we found that there was a significant correlation between these two values (r=0.79, p=0.019). These results show that measurement of PAC, immediately after chemotherapy, can provide information that is predictive of subsequent tumor growth.
DISCUSSION
In these studies we developed and validated methods to combine tomographic fluorescence imaging and MRI data sets, and applied these methods to monitor the structure and molecular function of living mouse brains. With this approach we observed synchronously the structural and protease activity changes in normal tumor growth and response to chemotherapy in vivo. Specifically, FMT-MR imaging revealed the localization of protease activity to solid tumors and allowed for the noninvasive quantification of protease activity concentration in and surrounding tumors. Furthermore, PAC was altered during the course of chemotherapy and allowed for early detection of changes in host response to the tumor that correlated with reductions in tumor growth. These results demonstrate one specific application for combined FMT-MR imaging in the noninvasive monitoring of biological phenomena in living animals.
Combined FMT-MR imaging provides a powerful method by exploiting advantages inherent to each modality. The advantages of fluorescence imaging lie in its quantitative and highly sensitive detection of fluorescent signals and its ability to utilize a wealth of specific molecular probes (Hintersteiner et al., 2005; Izmailova et al., 2007; Jaffer et al., 2006; Kelloff et al., 2005; Nesterov et al., 2005) to detect small changes in cellular and molecular physiology. Conversely, MRI has high spatial resolution and can discretely define the margins of tumors from normal tissue. A combined approach takes the advantages of both modalities and offers the ability to map a broad range of molecular signals onto high resolution anatomical images. To that end, our findings highlight the ability of FMT-MR imaging to reveal physiological information about brain tumors that is not visible by either fluorescence or MR imaging alone. We observed that gadolinium-enhanced MRI, commonly used in drug trials and in clinical imaging, while capable of evaluating tumor morphology and volume, was insufficient to predict tumor response to chemotherapy. On the other hand, a predominately functional approach of FMT imaging, without referencing detailed anatomical structural information, also could not reliably predict the effects of chemotherapy due to the complex host-tumor reactions that arise. Only when we combined the two modalities was critical physiological information (PAC) revealed about the tumors. Supporting the merits of FMT-MR imaging, our method can be used to predict at an early stage whether chemotherapeutic treatment is adequate. FMT-MR imaging therefore could be of broad utility in preclinical trials to better evaluate drug efficacy and optimize drug dosing.
The clinical applications of combined FMT-MR imaging are promising. Theoretical studies suggest that NIRF signals can propagate through large human organs for noninvasive imaging (Ntziachristos et al., 2002b) . In addition, fluorescence imaging has been validated for the visualization of normal and diseased human breast tissue (Ntziachristos et al., 2000) suggesting that combined imaging of PAC after chemotherapy might be feasible in a clinical setting. Furthermore, studies of brain irradiation also show significant inflammation (Monje et al., 2003) , suggesting that there should be a detectable change in PAC in response to radiotherapy.
Recently, a diffusion weighted MR imaging method (functional diffusion map) has been shown to be highly sensitive and specific in predicting treatment response in brain tumors by examining changes in water movement (Moffat et al., 2005) . Our FMT-MR pilot study on tumor treatment response also shows great promise in predicting treatment response, but by examining protease activity. The two methods are complementary, and imaging protocols could be developed to combine both methods to obtain information not available to either method alone. Moreover, given the multitude of fluorescent probes and the general applicability of MRI, FMT-MR imaging could be useful for a variety of new applications. Applications of interest could include the following: 1) similar studies as described here on brain tumor growth and death conducted using different molecular fluorescent probes and/or therapeutic agents, 2) direct visualization and tracking of both tumor cells and therapeutic stem cells labeled with NIRF lipophilic dyes or NIRF proteins (Shcherbo et al., 2007 ) and 3) study of neurodegeneration utilizing NIRF probes for amyloid-beta (Hintersteiner et al., 2005) . Furthermore, FMT-MR imaging need not be limited to the study of the central nervous system. This technique should be useful for applications that are aided by noninvasive, quantitative detection of anatomical and physiological information in living animals-the screening of biomarkers for drug development and disease prognosis provides an immediate example. a. Mice were imaged in a fluorescence tomography system. This system requires that the animal be submerged in a refractive index matching fluid. For brain imaging, the animal was suspended so that the nose was above the fluid level (light blue) and the brain area to be imaged was below it (white square). b. Plastic phantoms were filled with a NIRF fluorophore (VT680) or magnetofluorescent particles (CLIO-VT680). Phantoms were implanted into the brains of living mice for fluorescence tomographic imaging. c. Transmitted fluorescence imaging (TFI) of an animal with a single fluorescent phantom. Actual phantom size is represented by the dashed black circle. Note that TFI provides neither fluorophore concentrations nor 3d data. d. When we imaged animals with a single implanted phantom (outlined by the dashed black By implanting phantoms filled with magnetofluorescent particles, we were able to image the same animals with fluorescence tomography and MRI. a. After imaging, fluorescence and MR datasets could be manually aligned using anatomical landmarks common to both images. Shown here is an example of a fluorescence tomography image that has been automatically fused to a reflectance image by the FMT software. Structures like eyes (white arrows) and ear (red arrow) can be identified in this image and aligned with the same structures in corresponding MR images (see corresponding arrows in b). c. A single phantom can be detected as a hypointense region (colorized red) on MRI. d. Fluorescence concentrations from fluorescence tomography imaging could then be mapped onto the MR images. See Figure S1 for a 3D projection of the animal depicted in c and d. e. FMT-MR imaging was also possible in animals with more than one magnetofluorescent phantom. Shown here is an animal with two phantoms implanted 4mm apart. f. Fluorescence and MR measurements of phantom separation correlated up to 4mm. Each data point represents an individual animal with multiple phantoms implanted at varying distances. g. To determine the feasibility of 3D image fusion, we implanted three magnetofluorescent phantoms into a living mouse, imaged it with fluorescence tomography and MR and then fused the imaged by triangulating in 3D space. Shown here are fused images arranged from superficial cortex to deeper brain regions. Measurements in the upper right corner equal the distance from the surface of the skull. h. Three dimensional volume rendering of the fused dataset from (g). Scale bars equal 3mm in all images. a. ProSense, an activatable fluorescent probe for protease activity, was injected intravenously into glioma-bearing nude mice. FMT of these mice revealed focal presence of protease activity. On Gd-enhanced MR images (inset---Gd enhancing region pseudocolored red), we could determine glioma size and location. Fluorescent tomographic images of protease activity could then be mapped onto the MR images to reveal protease activity associated with the glioma. Shown here are representative combined images at 7 and 13 days after glioma implantation. b. Fluorescence microscopy of a typical mouse at day 13 after glioma implantation. ProSense fluorescence (blue, panel 1) localized to the DsRedII-expressing tumor cells (red, panel 2; white arrow, panel 3), but was not found in brain regions not bearing glioma cells (black arrow, panel 3). Scale bar equals 0.5mm. c-e. Quntification of brain tumor imaging. c. Tumor volume, measured with MRI, was observed to increase over the course of 3 weeks.d. Protease activity, measured by FMT imaging of ProSense fluorescence signal, increased over the same time period. e. Using combined imaging, we could calculate protease activity concentration (PAC). In the untreated tumors, PAC showed an early increase (see day 10) and then decreased for the remainder of the 3-week course of imaging. Control and chemotherapy treated animals received the same number of glioma cells one week prior to imaging. At that point, they were assigned to either the control or chemotherapy group. Chemotherapy (temozolomide) was given to the treatment group for 5 days and then all animals were imaged over time. a. Combined FMT-MR imaging of a mouse bearing an implanted glioma. b. Combined FMT-MR imaging of a chemotherapy treated mouse bearing a similarly sized glioma. Note that the protease activity appears to be denser than in the control animal. c. In control animals, ProSense fluorescence (blue) localized to the tumor (red) and did not extend beyond the tumor margin. d. In chemotherapy treated animals, ProSense fluorescence was present both inside the tumor (white arrow) as well as outside of the tumor (black arrows). Scale bars equal 0.5mm. e-f. Quantification of the effects of chemotherapy on protease activity and tumor size. The abscissas represent the duration of chemotherapy treatment (shaded in red) and the subsequent follow up time (shaded in blue). e. Tumor volume, measured with MRI, increased exponentially over the course of 2 weeks. The difference between control and treatment groups was significant only after day 6 after chemotherapy. d. Protease activity, showed a significant decrease by three days of treatment, but there was no significant difference between control and treatment groups by the end of the chemotherapy regimen. By day 15, control tumors showed significantly more protease activity than chemotherapy treated tumors. e. PAC was significantly altered by the end of a 5 day course of chemotherapy. This difference became even more pronounced at the end of the experiment (day 15 after chemotherapy). a and b) . b. PAC measured at the end of the 5 day chemotherapy course, was predictive of the amount of tumor growth over the week following chemotherapy. Each diamond represents data from a single animal. Animals treated with a high dose of chemotherapy (red diamonds) showed the highest amount of protease activity per tumor volume at the end of the chemotherapy treatment course. One week later, they also showed no or minimal growth (1 fold increase represents no new growth). In contrast, animals treated with low dose chemotherapy (green diamonds) showed similar protease activity to tumor volume as untreated controls (blue diamonds) and grew significantly more than brain tumors in the high dose group.
